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The adsorption and the redox behaviour of thrombin-binding aptamer (TBA) and extended TBA (eTBA) were studied using
atomic force microscopy and voltammetry at highly oriented pyrolytic graphite and glassy carbon. The diﬀerent adsorption
patterns and degree of surface coverage were correlated with the sequence base composition, presence/absence of K+, and
voltammetric behaviour of TBA and eTBA. In the presence of K+, only a few single-stranded sequences present adsorption, while
the majority of the molecules forms stable and rigid quadruplexes with no adsorption. Both TBA and eTBA are oxidized and the
only anodic peak corresponds to guanine oxidation. Upon addition of K+ ions, TBA and eTBA fold into a quadruplex, causing
the decrease of guanine oxidation peak and occurrence of a new peak at a higher potential due to the oxidation of G-quartets. The
higher oxidation potential of G-quartets is due to the greater diﬃculty of electron transfer from the inside of the quadruplex to the
electrode surface than electron transfer from the more flexible single strands.
1. Introduction
Since it has been recognized that G-rich nucleic acid
sequences can adopt intermolecular and intramolecular
quadruplex structures stabilized by G-quartets [1],
Scheme 1, there is substantial interest in the role of
quadruplex formation, largely as a consequence of the
identification of G-quadruplex-forming sequences in the
genome (e.g., telomers, several oncogenes and aptamers)
[2–4]. Despite the intensive studies on the role of G-quartet
formation in vivo, there is considerable interest in the
therapeutic potential of quadruplex oligodeoxynucleotides
(ODNs).
Aptamers are nucleic acid sequences (DNA or RNA)
selected in vitro from large combinatorial pools to bind to
specific targets [5–7]. Aptamers exhibit a strong and specific
binding aﬃnity towards their targets and can be simply
synthesized via cost-eﬀective and readily automated routes
[8, 9]. More important, the structure and conformation of
aptamers can be rationally designed and tailor-made to be
selectively responsive to various kinds of targets ranging from
small molecules [9] to biological molecules [7, 10, 11] and
even cells [12, 13]. Aptamers possess significant advantages
over other recognition molecules, such as antibodies, due to
their small size, chemical simplicity, and flexibility.
One of the most preeminent examples of the in vitro
selection of DNA oligonucleotides for targeting a specific
protein is the thrombin-binding aptamer (TBA), Scheme 2.
Thrombin is a serine protease and a coagulation protein in
the blood stream that has many eﬀects in the coagulation
mechanism. Activation of thrombin is crucial in physio-
logical and pathological coagulation. Various rare diseases
involving thrombin have been described. Blood from a
ruptured cerebral aneurysm clots around a cerebral artery
and releases thrombin, which can induce an acute and
prolonged narrowing of the blood vessel, potentially result-
ing in cerebral ischemia and infarction (stroke). Because
of its importance in anticlotting therapeutics, TBA has
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Scheme 1: Schematic representation of the G-quartet.
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Scheme 2: Schematic representation of the antiparallel G-quadruplex structures of (a) TBA and (b) eTBA.
been studied extensively. It has been shown that in the
presence of alkali metals [4, 7, 14], TBA forms an antiparallel
intramolecular quadruplex consisting of two G-quartets
connected by two TT loops and one TGT loop. TBA has also
been used for development of electrochemical biosensors for
the detection of thrombin [10]. However, no publication has
shown the adsorption and voltammetric behaviour of these
G-quartet forming ODNs.
The present paper is the first report of a voltammetric
and atomic force microscopy (AFM) study of two dif-
ferent thrombin-binding aptamer sequences. The process
of adsorption of TBA (5′-GGTTGGTGTGGTTGG-3′) and
extended TBA (eTBA, 5′-GGGTTGGGTGTGGGTTGGG-3′)
was studied on a highly oriented pyrolytic graphite (HOPG)
electrode using acoustic AC mode AFM (AAC Mode AFM).
The electrochemical oxidation of these TBA sequences has
been also performed by diﬀerential pulse (DP) voltammetry
using a glassy carbon (GC) electrode.
2. Experimental
2.1. Materials and Reagents. The ODN sequences TBA
(5′-GGTTGGTGTGGTTGG-3′) and eTBA (5′-GGGTTG-
GGTGTGGGTTGGG-3′), Scheme 2, were synthesized on an
ABI 3400 DNA Synthesizer (Applied Biosystems, Foster City,
CA, USA) using the 200-nmol scale synthesis cycle [7]. All
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solutions were prepared using analytical grade reagents and
purified water from a Millipore Milli-Q system (conductivity
≤0.1 μS cm−1). Stock TBA and eTBA solutions were prepared
in Milly Q water and kept at 4◦C. Before each experiment,
solutions of either TBA or eTBA were freshly prepared
by dilution of the appropriate quantity in pH 7.0 0.1 M
phosphate buﬀer (0.2 M Na2HPO4+ 0.2 M NaH2PO4).
Microvolumes were measured using EP-10 and EP-100
Plus Motorized Microliter Pippettes (Rainin Instrument Co.
Inc., Woburn, USA). The pH measurements were carried
out with a Crison micropH 2001 pH-meter with an Ingold
combined glass electrode. All experiments were done at room
temperature (25 ± 1◦C).
2.2. Atomic Force Microscopy. HOPG, grade ZYB of dimen-
sions 15 × 15 × 2 mm3, from Advanced Ceramics Co., USA,
was used as a substrate in the AFM study. The HOPG was
freshly cleaved with adhesive tape prior to each experiment
and imaged by AFM in order to establish its cleanliness.
AFM was performed in the AAC mode AFM, with a
PicoScan controller from Agilent Technologies, Tempe, AZ,
USA. All the AFM experiments were performed with a CS
AFM S scanner with a scan range of 6 μm in x-y and 2 μm
in z, from Agilent Technologies. AppNano type FORT of
225 μm length, 3.0 N m−1 spring constants, and 47–76 kHz
resonant frequencies in air (Applied NanoStructures, Inc.,
USA) were used. All AFM images were topographical and
were taken with 256 samples/line × 256 lines and scan rates
of 0.8–2.0 lines s−1. When necessary, the AFM images were
processed by flattening in order to remove the background
slope and the contrast and brightness were adjusted.
2.3. Sample Preparation for AFM. The TBA and eTBA
modified HOPG surfaces were obtained by spontaneous
adsorption, by depositing 200 μL samples of 1 μg mL−1 TBA
or eTBA solutions in pH 7.0 0.1 M phosphate buﬀer onto the
freshly cleaved HOPG surface, during 3 minutes. The excess
of solution was gently cleaned with a jet of Millipore Milli-
Q water, and the HOPG with adsorbed ODN molecules was
then dried in a sterile atmosphere and imaged by AAC Mode
AFM in air.
2.4. Voltammetric Parameters and Electrochemical Cells.
Voltammetric experiments were carried out using a
μAutolab running with GPES 4.9 software, Eco-Chemie,
The Netherlands. Measurements were carried out using
a GC(d = 1.5 mm) working electrode, a Pt wire counter
electrode, and a Ag/AgCl as reference, in a 0.25 mL
electrochemical cell. The experimental conditions for DP
voltammetry were pulse amplitude 50 mV, pulse width
70 ms, scan rate 5 mV s−1.
The GC electrode was polished using diamond spray
(particle size 1 μm) before each experiment. After polishing,
the electrode was rinsed thoroughly with Milli-Q water
and placed in supporting electrolyte and various DP
voltammograms were recorded until a steady state baseline
voltammogram was obtained. This procedure ensured very
reproducible experimental results.
2.5. Acquisition and Presentation of Voltammetric Data.
The DP voltammograms were baseline-corrected using the
moving average with a step window of 2 mV included in
GPES version 4.9 software. This mathematical treatment
improves the visualization and identification of peaks over
the baseline without introducing any artefact, although the
peak height is in some cases reduced (<10%) relative to
that of the untreated curve. Nevertheless, this mathematical
treatment of the original voltammograms was used in the
presentation of all experimental voltammograms for a better
and clearer identification of the peaks. The values for peak
current presented in all graphs were determined from the
original untreated voltammograms after subtraction of the
baseline.
3. Results and Discussion
3.1. AFM Characterisation of Spontaneously Adsorbed TBA
and eTBA. The capacity of TBA and eTBA molecules to
interact and adsorb spontaneously on the HOPG electrode
forming diﬀerent morphological films was investigated by
AFM in air. The spontaneous adsorption of the ODN
sequences was obtained using concentrations of 1 μg mL−1
TBA or eTBA in pH 7.0 0.1 M phosphate buﬀer as described
in Section 2.3. The relationship between the degree of surface
coverage with adsorbed molecules, the base composition in
the ODN sequence and the presence/absence of K+ cations
will be discussed.
An atomically flat HOPG electrode was used as a
substrate with less than 0.06 nm of root-mean-square (r.m.s.)
roughness for a 1000 × 1000 nm2 surface area. The GC
electrode used for the voltammetric characterisation was
much rougher, with 2.10 nm r.m.s. roughness for the same
surface area, therefore unsuitable for AFM surface character-
isation. Furthermore, the experiments using GC and HOPG
electrodes showed similar electrochemical behaviour.
AFM topographical images in air of the TBA modified
HOPG electrode showed that the TBA adsorbs sponta-
neously onto HOPG, showing the formation of two dif-
ferent adsorbed structures: a thin and incomplete network
film, Figure 1(a), and aggregates with spherical and rod-
like shapes, marked with white arrows in the images,
Figure 1(b). The network was composed of small molecules
adsorbed side by side that formed close-packed “polymer-
like” chains, with many pores, corresponding to the dark
regions in the images, and exposed HOPG surface at the
bottom of the pores, Figure 1(a). The measured thickness
of the TBA layer was calculated from cross section analysis
as being 0.8 ± 0.1 nm. The average height and standard
deviation of the spherical aggregates was 1.9 ± 0.5 nm,
Figure 1(b), higher than the values obtained for the TBA
lattices.
Similar results were obtained for the eTBA molecules,
which present four extra guanines in the base sequence.
The AFM images in air also showed a densely packed
0.8 ± 0.1 nm height self-assembled network with looped
arms, Figure 2(a), and small TBA fragments of 0.8 ± 0.1 nm
height with embedded 1.5 ± 0.2 nm height aggregates
(marked with white arrows), Figure 2(b).
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Figure 1: AFM topographical images in air of TBA molecules, immobilized onto HOPG by spontaneous adsorption during 3 minutes, from
solutions of 1 μg mL−1 TBA in pH 7.0 0.1 M phosphate buﬀer: (a, b) in the absence and (c, d) in the presence of 100 mM K+, after (c) 1 hour
and (d) 24 hours of incubation.
The adsorption mechanism of the nucleic acid molecules
onto HOPG is mainly driven by hydrophobic interactions
[15], being strongly influenced by the hydrophobicity of
the constituent nucleotides, the ODN molecular mass and
the formation of secondary structures. As expected, the
eTBA presents an increased adsorption onto HOPG when
compared with TBA, due to an enhanced hydrophobic
character given by the larger number of guanine bases,
especially at the molecule extremities.
Additionally, G-rich ODN sequences that contain sec-
tions of guanines can form G-quadruplex structures com-
prised of stacked tetrads, each one of the tetrads formed
by a planar association of four guanines by Hoogsteen
hydrogen bonding. Therefore, the guanine bases that enter
in the TBA and eTBA composition influence the ODN
hydrophobicity directly, through the intrinsic hydrophobic
character of the aromatic ring, and indirectly, by allowing the
ODN sequences to establish quadruplex conformations. In
this context, the interaction of the single-stranded molecules
with HOPG is facilitated because they have the bases
exposed to the solution and free to undergo hydrophobic
interactions, when compared to the ODNs with quadruplex
morphology that have the bases protected by the sugar-
phosphate backbones. Indeed, the AFM images of the TBA
and eTBA modified HOPG surfaces show the formation of
1.5–1.9 nm height spherical and rod-like shape aggregates
due to the adsorption of ODNs presenting G-quartet con-
figurations, as also observed for telomeric G-rich sequences
on mica [16]. The adsorption of single-stranded molecules
led to the formation of polymeric structures and films of
approximately 0.8 nm height.
The stabilisation of the quadruplex structures requires
the presence of metal ions, in particular alkali metals, and
the order of preference is K+ > Na+. The ions are positioned
in the interior channel that is formed at the centre of
each G-quartet, coordinating the O6 atoms of the guanines.
The AFM results previously described were obtained in
the presence of Na+ ions (pH 7.0 0.1 M phosphate buﬀer
solutions). In order to establish how the presence of K+
ions influences the formation and stabilisation of TBA and
eTBA quadruplexes and therefore modifies their pattern of
adsorption onto HOPG, the morphological characteristics
of the HOPG modified by spontaneous adsorption from
1 μg mL−1 TBA or eTBA in pH 7.0 0.1 M phosphate buﬀer
after incubation with 100 mM and 200 mM KCl during
diﬀerent periods of time, were also analysed.
AFM images of the TBA modified HOPG obtained
after incubation of TBA with 100 mM K+ during 1 hour
showed tilted polymeric structures of 0.8 ± 0.2 nm height,
Figure 1(c). A dramatically reduced adsorption was observed
in the presence of K+, when compared with the adsorp-
tion of TBA from solutions containing only Na+ cations,
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Figure 2: AFM topographical images in air of eTBA molecules, immobilized onto HOPG by spontaneous adsorption during 3 minutes,
from solutions of 1 μg mL−1 eTBA in pH 7.0 0.1 M phosphate buﬀer: (a, b) in the absence and (c–f) in the presence of (c, d) 100 mM and (e,
f) 200 mM K+, after (c, e) 1 hour and (d, f) 24 hours of incubation.
Figures 1(a) and 1(b). The adsorption decreased further after
24 hours incubation with K+ and the adsorbed TBA
fragments presented heights of 0.9 ± 0.3 nm, Figure 1(d).
AFM images of the eTBA modified HOPG obtained from
solutions of eTBA incubated with 100 mM K+ during 1
hour, Figure 2(c), showed 0.8 ± 0.1 nm height network films
and small spherical and rod-like shape aggregates, similar
to what was obtained with eTBA in the presence of only
Na+, Figures 2(a) and 2(b). After 24 hours incubation in the
presence of K+ the HOPG coverage decreased significantly,
Figure 2(d), although the observed 0.8± 0.1 nm eTBA lattice
still presented small embedded 1.5 nm height aggregates,
corresponding to molecules in G-quartet configurations.
AFM images of the eTBA modified HOPG obtained after
incubation with 200 mM K+ during 1 hour, Figure 2(e), and
24 hours, Figure 2(f), showed, as expected, an even more
reduced adsorption, and the fragments observed in the
images presented heights of 0.8 ± 0.1 nm, corresponding
only to the adsorption of single-stranded molecules.
AFM images demonstrated that, after the interaction
with K+ ions during long incubation times, the adsorption
pattern of both TBA and eTBA molecules corresponded
only to the spontaneous adsorption of a small number
of single-stranded molecules present in solution, while no
quadruplex TBA/eTBA was observed. This is due to the fact
that, in the presence of K+ cations, TBA and eTBA form very
stable and rigid intramolecular quadruplex configurations,
which prevent the interaction of the hydrophobic bases with
6 Journal of Nucleic Acids
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Figure 3: Baseline corrected DPV obtained with the GC electrode in a solution of 1 μg mL−1 TBA in pH 7.0 0.1 M phosphate buﬀer: (a)
(solid line) in the absence and in the presence of 100 mM KCl after (dashed line) 0 hour, (dotted line) 1 hour and (red line) 24 hours of
incubation and (b) in the presence of (solid line) 50, (dotted line) 100 and (red line) 200 mM KCl after 24 hours of incubation.
the HOPG. On the contrary, the presence of only Na+
cations from the solutions of TBA/eTBA in pH 7.0 0.1 M
phosphate buﬀer led to the formation of less stable quadru-
plex TBA/eTBA morphologies that are locally destabilised by
the HOPG hydrophobic surface, inducing their consequent
adsorption.
3.2. Voltammetric Characterisation of TBA and eTBA. DP
voltammograms were recorded in solutions containing
1 μg mL−1 TBA in pH 7.0 0.1 M phosphate buﬀer before
and after incubation with 100 mM K+ ions during diﬀerent
periods of time, Figure 3(a). Between measurements, the GC
electrode surface was always polished in order to ensure a
clean surface to avoid possible problems from the adsorption
of TBA. On the voltammograms obtained in the solution
containing only TBA, one main anodic peak G occurred
at Epa = +0.91 V. This peak is due to the oxidation of
guanine residues, since the oxidation of thymine occurs
at much higher positive potential, near the potential of
oxygen evolution and therefore it is more diﬃcult to detect
[17]. Upon addition of K+ ions, a decrease of the gua-
nine oxidation peak occurred in a time-dependent manner
reaching constant currents after 24 hours of incubation,
Figure 3(a). This process is related to a decrease of the con-
centration of free/uncomplexed guanine residues available
for oxidation and can be explained considering the TBA
quadruplex structure in the presence of K+ ions. Upon the
formation of G-quartets, the guanine electroactive centers
are hidden inside the rigid quadruplex being unable to reach
the GC electrode surface and consequently unavailable for
electrochemical oxidation. Thus, the occurrence of a smaller
guanine oxidation peak with increasing incubation time is
attributed to guanine molecules that were not involved in the
formation of G-quartets.
A similar experiment was carried out in which 1 μg mL−1
TBA in pH 7.0 0.1 M phosphate buﬀer was incubated during
24 hours with diﬀerent concentrations of K+ ions. The DP
voltammograms recorded in these solutions, Figure 3(b),
showed a decrease of the guanine oxidation peak dependent
on the K+ ions concentration, relative to the guanine
oxidation peak obtained in a solution containing only
TBA. Thus, by increasing the K+ ions concentration, the
guanine oxidation peak recorded after 24 hours of incubation
gradually decreased and its potential become more positive
(∼10 mV) in agreement with a greater diﬃculty for the
transition of electrons after the formation of more complex
structures.
DP voltammograms were recorded in solutions contain-
ing 1 μg mL−1 eTBA in pH 7.0 0.1 M phosphate buﬀer before
and after incubation with 100 mM K+ ions during diﬀerent
periods of time, Figure 4(a). Between measurements, the GC
electrode surface was always polished in order to ensure a
clean surface to avoid possible problems from the adsorption
of eTBA. The voltammograms obtained in the solution
containing only eTBA, showed only the guanine oxidation
peak G, at Epa = +0.91 V. DP voltammograms were also
recorded after 0 hour, 1 hour and 24 hours of incubation.
It was observed that, upon addition of K+ ions, a decrease of
guanine oxidation peak occurred in a time-dependent man-
ner reaching constant currents after 24 hours of incubation,
Figure 4(a). As in the case of TBA, the occurrence of a smaller
guanine oxidation peak with increasing incubation time is
attributed to guanine molecules that were not involved in the
formation of G-quartets.
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Figure 4: Baseline corrected DPV obtained with the GC electrode in a solution of 1 μg mL−1 eTBA in pH 7.0 0.1 M phosphate buﬀer: (a)
(solid line) in the absence and in the presence of 100 mM KCl after (dashed line) 0 hour, (dotted line) 1 hour and (red line) 24 hours of
incubation and (b) in the presence of (solid line) 50, (dotted line) 100 and (red line) 200 mM KCl after 24 hours of incubation.
On the other hand, on the voltammograms obtained
after 1 hour of incubation of eTBA with K+ ions, a
new small peak Gq appeared at Epa = +0.97 V and its
current increased with incubation time reaching constant
values after 24 hours of incubation, Figure 4(a). This new
peak is attributed to the oxidation of G-quartets and its
higher potential value relative to guanine itself can be
explained considering the greater diﬃculty for the transition
of electrons from the inside of the rigid quadruplex to the
GC electrode surface than from the more flexible form of
single stranded eTBA where guanine residues can reach the
surface leading to higher peak currents [17]. Although this
peak did not appear during the experiments with TBA,
this can be due to the formation of G-quartets below
the detection limit of the technique. On the contrary, in
the case of eTBA a higher number of guanine residues
are available and thus a higher number of G-quartets are
expected, which leads to the occurrence of larger oxidation
peaks.
In another experiment, 1 μg mL−1 eTBA in pH 7.0
0.1 M phosphate buﬀer was incubated during 24 hours with
diﬀerent concentrations of K+ ions, Figure 4(b). The DP
voltammograms recorded in these conditions showed the
decrease of guanine peak current G with increasing K+
concentration up to 200 mM where it reached a constant
value. On the other hand, peak Gq occurred with a small
current after incubation with low K+ ions and also increased
with increasing K+ concentration.
4. Conclusions
The redox behaviour and adsorption process of two
thrombin-binding aptamer sequences were studied at room
temperature, using AFM and voltammetry at HOPG and
GC electrodes, in the presence/absence of Na+ and K+
cations.
Due to the formation of very stable and rigid
intramolecular quadruplex configurations in the presence
of K+ cations, both TBA and eTBA adsorb less onto HOPG,
compared to the adsorption in the presence of only Na+
cations present in the pH 7.0 0.1 M phosphate buﬀer. This
is due to the fact that a larger number of intramolecular
quadruplexes is formed, which were more stable due to
the incorporation of K+, which prevents their hydrophobic
interaction with HOPG. On the contrary, the presence
of only Na+ cations led to the formation of less stable
quadruplexes that are locally destabilised by the HOPG
hydrophobic surface, inducing their adsorption together
with single-stranded sequences.
Voltammetric studies showed that both TBA and eTBA
are oxidized at GC electrode and the only electrochemical
signal is due to the oxidation of guanine residues. Upon
addition of K+ ions, both TBA and eTBA folded into
G-quadruplex structures and this process was observed
by the decreasing of the guanine oxidation peak and the
occurrence of a new peak at higher potential values due to
the oxidation of G-quartets. The diﬀerence in the oxidation
potential of guanine and G-quartets is attributed to the
diﬃculty of the transition of electrons from the inside of
the rigid quadruplex to the GC electrode surface than from
the more flexible form of single-stranded ODNs whose
guanine residues can reach the surface leading to higher
peak currents.
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